Natural and mixed convection in air in an inclined channel with the lower wall heated at uniform heat flux and in the presence of an obstacle either at the entrance or exit of the channel is investigated experimentally and numerically, respectively. The study is accomplished for several heat fluxes. In mixed convection the Reynolds number is equal to 150, this being in the laminar regime. Natural convection investigation is carried out with Rayleigh number equal to Ra=6.68x10 5 and 2.67x10 6 . The effect of the obstacle disposition and height is investigated by flow visualization and wall temperature distribution.
Introduction
Natural and mixed convection heat transfer within horizontal or inclined channels and open ended cavities has been studied widely in engineering and science applications. This is due to its importance in many applications, such as electronic cooling, fire research, solar collector systems, chemical vapor deposition systems (CVD) and nuclear reactors [1] [2] [3] [4] [5] .
For inclined and horizontal channels heated from below, the buoyancy force can induce secondary flow that enhances the local heat transfer. Moreover, the onset point of the secondary flows is important because it delineates the region after which the two-dimensional laminar flow becomes three-dimensional and a transition motion from laminar to turbulent flow is observed [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In fact, the fluid layers heated from below can involve thermal instabilities due to the top heavy situation occurring. The buoyancy forces that overcome the stabilizing effects of viscous and thermal diffusion cause the onset of secondary motions. The heating of a fluid from the bottom plate in any case involves the development of secondary motions in span-wise sections. For these configurations the secondary motions imply that the flow is three-dimensional and different patterns of secondary motions can be detected for different aspect ratios and inclination angles of the plates with respect to the gravity vector.
Understanding, manipulating and controlling the secondary motions in open-ended cavities are important. There is a need for further numerical and experimental investigations on three-dimensional natural and mixed convections in cavities and particularly in horizontal and inclined channels. A number of studies investigated the instability in natural convection over inclined or slightly inclined plates heated at uniform wall temperature or heat flux as reviewed in [6] [7] [8] . Both natural and mixed convections between parallel plates have been thoroughly investigated recently, as shown in [9] [10] [11] [14] [15] [16] for mixed convection and in [12, 13, 17] for natural convection.
The possible flow stabilization or a reduction of thermal instabilities have been investigated mainly in mixed convection [11, [18] [19] [20] . An experimental investigation on the mixed convection of air in a channel with the bottom heated horizontal wall was carried out in [18] to study the possible stabilization and elimination of the buoyancy driven unstable longitudinal, transverse and mixed vortex flow by tapering its top wall. An investigation on the mixed convection of air in a bottom heated horizontal flat duct by top plate heating experimentally was accomplished in [11] to study the possible stabilization and elimination of the buoyancy driven unstable longitudinal, transverse and mixed vortex flow. Experiments for the onset and development of the buoyancy driven secondary air flow and enhancement of heat transfer in a horizontal convergent and a divergent channel were carried out in [19] . An experimental flow visualization combined with transient temperature measurement to explore the possible stabilization of the buoyancy drive vortex flow in mixed convection in air in a bottom heated horizontal flat duct by placing a rectangular solid block on the duct bottom was carried out in [20] .
It seems that the control of secondary motion in natural and mixed convection in horizontal or inclined parallel plate channels by partial opening at the inlet or outlet sections has not been investigated in depth. In this paper an experimental investigation is conducted on natural convection in inclined channels and a numerical study is carried out on mixed convection in horizontal channels, both heated from below with the inlet or outlet section partially opened.
Experimental apparatus
The experiments were carried out in natural convection. The investigated configuration was a channel with the bottom wall heated at uniform heat flux and unheated top and side walls. The heated wall consisted of a 400x530 mm sandwiched phenolic fiberboard plates. The top and side walls were made of Plexiglas. The channel spacing b was measured to an accuracy of ±0.25 mm by a dial-gauge equipped caliper. An obstruction, which was made of a glass plate 2.0 mm thick, was located on the lower wall either at the inlet or at the outlet section as shown in Fig.1 . The cavity was 400 mm long, 475 mm wide and 40.0 mm high and was open to the ambient along its right and left edges. In order to reduce conductive heat losses, a 150 mm Polystyrene block was affixed to the rear face of the heated wall. The plate facing the channel was 3.2 mm thick and its surface adjacent to the internal air was coated with a 35 m thick nickel plated copper layer. The low emissivity of nickel (0.05) minimized the radiation effects on heat transfer. The rear plate was 1.6 mm thick. Its back surface was coated with a 17.5 m thick copper layer, which was the heater. The plate was heated by passing a direct electrical current through the heater, which had a serpentine shape. Its runs were 19.6 mm wide with a gap of nearly 0.5 mm between each one, giving each heater a total length of 9.0 m. The expected electrical resistance was 0.50 . The narrow gaps between the runs, together with the relatively high thickness (4.8 mm) of the resulting low-conductive fiberglass, were suitable to maintain a nearly uniform heat flux at the plate surface. The electrical power supplied by the heater was evaluated by measuring the voltage drop across the plates and the current passing through them. To avoid electrical contact resistances, thick copper bars soldered both to the electric supply wire and to the ends of the heater were bolted together. The dissipated heat flux per board was evaluated to an accuracy of ±2%. The entire apparatus was located within a room, sealed to eliminate extraneous air currents. The wall temperatures were measured by 36 0.50 mm OD ungrounded iron-constantan thermocouples embedded in each fiberboard plate and in contact with the outer layer. They were located at twelve longitudinal stations at three different z values. Fifteen thermocouples were affixed to the rear surface of the plates and embedded in the Polystyrene to enable the evaluation of conductive heat losses.
The ambient air temperature was measured by a shielded thermocouple placed near the leading edge of the channel. A Kaye instrument K170 ice point was used as a reference for thermocouple junctions. A National Instruments SCXI module data acquisition system and a PC were used for the data collection and reduction. The data acquisition was performed through the Labview TM software. Calibration of the temperature measuring system showed an estimated precision of the thermocouple-readout system of ±0.1°C. Smoke for flow visualization was generated by burning incense sticks in a steel tube, connected to a compressor. The smoke was injected through a glass heat exchanger to reduce the temperature of the smoke, and then sent into a plenum. Its temperature, measured by a thermocouple, turned out to be close to that of the ambient air entering the cavity. It was, then, driven to the test section through a small slot situated under the leading edge of the bottom plate along the plate width. A sketch of the apparatus is reported in Fig.2 . The longitudinal view of the arrangement for smoke generation is reported in Fig.2a , whereas in Fig.2b the sketch of the visualization set-up is shown. Preliminary tests were carried out to determine the plenum location so as not to interfere with the air flow at the inlet section. The visualization was made possible by means of a laser sheet, generated by a He-Ne laser source. The laser sheet was produced by placing a mirror near the end of the test section at an angle of 45° to the direction of the main flow, behind which a cylindrical lens was placed to enlarge the beam as needed. Small adjustments were allowed by means of a micrometer screw system, in order to take photographs at different locations along the z axis. The same arrangement was used to obtain pictures in the yz plane at several x locations. The still camera was a digital Nikon D100 camera.
Geometrical description and numerical procedure
Numerical investigation was carried out on mixed convection in a horizontal channel. The domain was made of a principal channel and two channels with adiabatic walls, one upstream the principal channel and the other downstream, Fig.3 . The principal channel was made up of a uniformly heated horizontal wall at uniform heat flux, a parallel adiabatic wall located above and two adiabatic vertical side walls. In this problem the geometrical parameters were the distance between the horizontal walls, b, the length of the heated plate, L, the width of the channel, W, and the height of the obstacle, h. The characteristic dimensionless numbers were the Reynolds number, the Rayleigh number and the Richardson number and they are based on the distance b between the horizontal plates. The aim of this paper was to investigate the effect of Reynolds and Rayleigh numbers on thermal and fluid dynamic behavior of mixed convection in a horizontal channel heated from below and the effect of the obstacle in the inlet or outlet section. The mixed convective flow in the horizontal channel was considered to be incompressible. The analysis was transient and the thermophysical properties were assumed constant with temperature except for the density, as suggested by the Boussinesq approximation. The thermophysical properties of the fluid were evaluated at the ambient temperature, T 0 , which was equal to 300 K. The commercial CFD code Fluent 6.2 [21] was employed to solve the governing equations. The imposed boundary conditions were: uniform heat flux and no-slip condition on the lower plate; adiabatic wall and no-slip condition on the other solid walls; pressure inlet or pressure outlet conditions on the openboundaries. Computations were made for q w =150 W/m 2 , L=400 mm, b=40.0 mm, and W=500 mm. The employed grid was uniform inside the horizontal channel consisting of 51x21x41 points, whereas they decreased with an exponential law inside the auxiliary channels. This grid was the right compromise between the solution accuracy and the computational time. About the time step a value of 10 -1 was employed after some tests on different time steps. This analysis was accomplished for the highest considered Rayleigh number in order to obtain a valid test also for lower Ra values.
Results and discussion
Experimental investigations were carried out for q w = 60 and 240 W/m 2 , =10°, b=40.0 mm and h=10.0 and 20.0 mm (h/b=0.25 and 0.50).
In Fig.4 visualization of flow motion along the longitudinal section with and without obstacle is reported for q W =60 and 240 W/m 2 (Ra=6.68x10 5 and 2.67x10 6 ). When the obstacle is absent, h/b=0, fluid moves adjacent the lower wall up to about 1/3 L where it separates and moves toward the upper wall. Then it advances close the unheated upper wall. For the lowest value of the Rayleigh number separation occurs closer to the exit section than for the highest Rayleigh number value. When the inlet obstacle, is present a recirculation zone develops and fluid joins again the lower wall at distance from the inlet section equal to about b for h/b=0.25, whereas for h/b=0.5 this distance is much higher. When the obstacle is at exit section separation happens similarly to the case with no qc qW obstacle, even if for Ra=2.67x10
6 the x value, where separation takes place, is higher. However, the obstacle presence slows down the flow. For the highest Rayleigh number value separation seems to take place more distant the inlet section.
Ra=6.68x10 Separation from lower wall determines secondary motions which develop along the channel. They are very clear from flow visualization in channel transversal sections. In Fig.5 pictures of flow visualization in configurations without obstacle and with obstacle at outlet section and h/b=0.5 are reported. The considered sections are at 100, 200 and 395 mm from the inlet channel section. In the section at x=100 mm and Ra=6.68x10 5 , secondary motions start to develop. This is clearer when the obstacle is absent. For the highest value of Ra plumes are present at x=100 mm which extend for no more 1/3b from the lower wall. When the obstacle is present secondary motions are not present at x=100 mm. At x=200 and 395 mm secondary motions occur in each considered configuration. They are less developed and intense when the outlet obstacle is present. Results of numerical investigation on mixed convection in horizontal channel are reported in Figs. 6-8 for Re=150 and Ra=1.67x10 6 when an inlet or outlet obstacle with h/b=0.5 is present or not. Velocity vectors in the longitudinal section z=0 mm, in Fig.6 , show the differences among the considered configurations. Particularly, for the no obstacle case, in Fig.6a , flow separates from the lower wall at about x=250 mm and, at this location, a recirculation zone is evident close to the upper wall. When an obstacle is present at the inlet section, in Fig.6b , a vortex behind it is noticed and at about a distance b from inlet channel section flow joins again the lower wall. In this configuration flow does not separate from the lower wall. When an obstacle is located at the exit, in Fig.6c , flow separates from the lower wall at about x=340 mm and, hence, close to the exit.
Temperature fields in transversal sections at x=0, 100, 200, 300 and 400 mm are presented in Figs.7a-7c. When there is not an obstacle, in Fig.7a , secondary motions are developing in the section at x=100 mm close to the side walls whereas at x=200 mm in the whole section secondary effects are clear. At x=300 mm secondary motions are present in the entire section and at x=400 mm temperature is quasi-uniform in the section. When an obstacle is present at the inlet section, in Fig.7b , at x=100 mm plumes are developing whereas secondary motions are absent at side zones. Temperature close to the heated wall seems to be less uniform than in the configuration without obstacle. At higher x values plumes appear more developed. In the configuration with an obstacle at the channel exit, in Fig.7c , channel behavior, in terms of air temperature and secondary motions, seems very similar to that for the channel without obstacle, reported in Fig.7a . In fact, at the channel inlet section temperature increases are not evident and at x=100 mm air temperature value increase only in the central zone of the transversal section whereas secondary motion develops in the zone adjacent the side walls. Finally, in Fig.8 surface temperatures on the heated wall is shown for the configurations with obstacle. The great difference between the two cases is clear. In fact, when the obstacle is located at the inlet section, in Fig.8a , warmer zones are present close to the entrance whereas when the obstacle is at the outlet section higher temperature values take place in the zone between x=100 mm and 200 mm.
Conclusions
An experimental investigation on natural convection in air, in an inclined channel, with the lower wall heated at uniform heat flux and an obstacle located either at inlet or outlet section of the channel was carried out. Results of flow visualization highlighted the effect of secondary motions along the heated wall and the separation from the lower heated plate strongly depended on the location and height of the obstacle. When the obstacle is at the channel entrance a recirculation zone develops behind it. When the obstacle is at the exit section, flow motion is similar to the one in case with no obstacle Furthermore, a numerical investigation was accomplished on mixed convection in horizontal channel with or without obstacle. For the no obstacle case a recirculation zone was present in the central part of the channel whereas for the case of the obstacle at the entrance the recirculation was behind it. When the obstacle was at the exit no recirculation was detected. 
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